Iron and manganese doubly doped LiNbO 3 (LN:Fe,Mn) has been suggested for nonvolatile photorefractive recording; however, its response time is still of the order of minutes. Here we present results on LiNbO 3 triply doped with zirconium, iron, and manganese (LN:Zr,Fe,Mn). The codoping with Zr eliminates undesirable intrinsic traps, which strongly enhances the charge transition speed. The response time of LN:Zr,Fe,Mn for nonvolatile holographic storage shortens to only 0.95 s (wavelength of 532 nm and intensity of 400 mW/ cm 2 ), and the sensitivity reaches 1.31 cm/J. Thus it seems that we have found an excellent recording medium for practical holographic storage devices.
For many years holographic data storage has been promising to become the next-generation optical storage technology [1] [2] [3] . But still this technology has not matured to commercialization. The main obstacle is the lack of an ideal medium [4] . Although lithium niobate [LiNbO 3 , (LN)] went on to be the mainstay of holographic data storage efforts, several problemssuch as low response speed, strong light-induced scattering, and volatility-impede it from becoming a commercial recording medium. Buse et al. achieved a nonvolatile two-color recording based on LN doubly doped with iron and manganese (LN:Fe,Mn) that provide shallower and deeper traps [5] . However, the sensitivity of LN:Fe,Mn remains very low, with the response time being of the order of minutes, which is too slow for practical use. To realize a real-time nonvolatile read-write memory, shortening of the response time and improving the sensitivity seem to be the critical challenges.
Recently we reported that when tetravalent ions, such as hafnium ͑Hf 4+ ͒ and zirconium ͑Zr 4+ ͒, are codoped into iron-doped LN (LN:Fe) crystals above a certain doping threshold, the response time is strongly shortened while the saturation diffraction efficiency remains high, which causes the photorefractive sensitivity to increase abruptly [6, 7] . Based on these findings we explore and analyze in this Letter the possibility to improve the response speed and the sensitivity of LN:Fe,Mn crystals by additional tetravalent dopants.
LN:Zr,Fe,Mn crystals were grown along the c axis by the conventional Czochralski method. The [Li] /[Nb] composition was selected as 48.38/51.62, and 0.075 wt. % Fe 2 O 3 , 0.01 wt. % MnO, and 2 mol. % ZrO 2 were doped into the melt. After an annealing treatment and polarization, the crystal was cut to 3-mm-thick plates along the y faces and optically polished for the characterization by a two-color holographic recording. A nonvolatile holographic storage was investigated by the experimental setup illustrated schematically in Fig. 1 . An extraordinarily polarized beam from a cw frequency-doubled solid-state laser was split into two beams of equal intensity (intensity per beam being 200, 300, and 400 mW/ cm 2 ), which were incident symmetrically on the sample at an angle of incidence of 30°. The grating vector was aligned along the c axis to exploit the largest electrooptic coefficient ␥ 33 . We used an A400 mercury lamp as the UV light source with a wavelength centered at 365 nm. The LN:Zr,Fe,Mn specimens were preexposed to the UV light for at least 1 h. Then the hologram was recorded using the two coherent beams at 532 nm with the sensitizing UV beam on, until the saturation was reached. A third beam from a He-Ne laser (632.8 nm) with a weak intensity ͑ϳ0.5 mW/ cm 2 ͒ was used at its appropriate Bragg angle to measure the diffraction efficiency. For the fixation the holograms were illuminated by one single green beam after the recording (same intensity as for the recording). Figure 2 shows the measured diffraction efficiency as a function of time. It proves that a nonvolatile holographic recording has indeed been achieved. The saturation and the nonvolatile diffraction efficiencies are 53.2% and 7.5%, respectively, while the response time shortens to only 2.3 s. When fixing the holograms, the diffraction efficiency does not monotonously decrease, but increases first and then de- creases, which can be explained by self-enhancement during the readout. While the recording time is only some seconds, the erasing time is in the range of some tens of minutes. This read-write asymmetry is an important advantage for huge data storage and long-time writing. The extrapolation of this readout experiment shows that the diffraction efficiency drops to approximately 7.4% for a continuous readout over one week. The holographic storage properties of this triply doped LN were investigated for different oxidation states and for different ratios of recording (sum of the signal and reference beams) and sensitizing intensities ͑I rec / I sen ͒. Results on the saturation and fixed diffraction efficiencies, response time, and sensitivity are listed in Table 1 . From Table 1 one sees that the response time shortens down to 0.95 s for a sample oxidized for 20 h at a ratio of I rec / I sen = 400/ 40. Although the oxidation treatment in general increases the response time, it rises only to 2.3 s for a sample oxidized in air at 700°C for 48 h, while the saturation and nonvolatile diffraction efficiencies still stay at a high level.
Generally, the photorefractive sensitivity ͑S͒ is cal-
and L represent the diffraction efficiency, the time, the total recording intensity, and the sample thickness, respectively. Although this equation is a good measure of the sensitivity for a normal holographic recording, it does not take the effect of partial erasure during the readout in a two-color holographic recording into account. In the latter case it is better to use SЈ = ␤S = ␤͑1/I rec L͒͑‫ץ‬ ͱ / ‫ץ‬t͉͒ t=0 as a figure of merit, where ␤ is the ratio of ͱ for after a sufficient readout and before any readout. Up until now, the best results for the sensitivities S and SЈ achieved in LN:Fe,Mn have been 0.15 and 0.08 cm/J, respectively [8] . From Table 1 , we can see that the sensitivities of LN:Zr,Fe,Mn are appreciably improved, being 3.47 and 1.31 cm/J, respectively. Another figure of merit for holographic storage is the dynamic range ͑M /#͒, defined as the number of holograms that can be multiplexed in a given crystal. The dynamic range of two-color recording can be calculated by [9] M / # =␤A 0 ͑ e / r ͒, where A 0 is the saturation grating strength and r and e are the recording and erasure time constants, respectively. To obtain the erasure time constant, we fitted the readout curve to an exponential function ͱ = A exp ͑−t / e ͒. Because there is strong self-enhancement and scattering grating, the fitting process starts from where the diffraction efficiency equals to the difference between the saturation and self-enhanced efficiencies. During the readout only half of the former recording intensity is used; thus the fitted time constants are divided by a factor of 2. M / # was calculated as 35.7 for a 3-mm-thick sample that had been oxidized for 48 h. As M / # is proportional to the thickness of the recording material, we have M / # Ϸ 11.9, which is over ten times larger than former results [5] .
There are plenty of intrinsic defects in commercial congruent LiNbO 3 Fig. 3(a) Li 5+ ions in the CLN, the excited electrons have a much higher probability to get trapped by intrinsic defects rather than extrinsic Fe 3+ and Mn 3+ ions. This process slows down the electron mobility for nonvolatile storage appreciably. Therefore, to increase the sensitivity of the LN:Fe,Mn crystal, intrinsic defects should be elimi- nated, such that a real two energy level system is obtained as shown in Fig. 3(b) . One way to solve this problem is to grow stoichiometric LN:Fe,Mn crystals. However, this is difficult to achieve. Up until now, even without dopants, strictly stoichiometric pure LN ͑Li/ Nb= 50/ 50͒ single crystals of practical size and quality have not been grown. As to doubly doped LN, we even do not know where the stoichiometric melt composition is. Zhang et al. reported that doping optical damage resistant elements, such as Mg, Zn, or In, into LN:Fe above a certain threshold concentration can strongly shorten the photorefractive response time [12] , because all Nb Li 5+ ions are pushed to normal Nb-sites by the doping ions. Unfortunately Fe 3+ and part of the Fe 2+ ions are thereby also pushed into Nb-sites [13] . This causes these Fe 2+/3+ ions to loose their function as photorefractive centers. Thus the photorefractive efficiency decreases, and there is no obvious increase in the photorefractive sensitivity. In former investigations we found that when tetravalent ions are codoped into LN:Fe, they only push Nb Li 5+ ions to Nbsites and do not affect the site occupation of Fe 2+/3+ ions thus resulting in a significant shortening of the response time [6, 7] . As Mn 2+/3+ ions have the same valence as Fe 2+/3+ ions, all lower than +4, it is reasonable to assume that tetravalent ions do not affect the site occupation of Mn 2+/3+ ions. Therefore, tetravalent doping ions not only shorten the response time but also improve the sensitivity of LN:Fe,Mn crystals.
It should be pointed out that the sensitivity depends on the intensity ratio of recording and sensitizing light. Experimental results had suggested that a sensitizing beam with a higher intensity than the recording intensities is needed to achieve a high sensitivity [14] . Hence higher sensitivities can be achieved for triply doped LN crystals by decreasing I rec / I sen . The high absorption of LN in the UV light results in a decrease in the UV intensity with the sample thickness; larger sensitivities can be obtained for thinner samples [8] . Triple-doped crystals with Hf, Fe, and Mn have also been grown. Although the saturation diffraction efficiency can reach 50%, the response time turned out to be about 10 s, i.e., the sensitivity is lower than that of LN:Zr,Fe,Mn. Mg or In, Fe, and Mn triply doped LN crystals were also investigated. As expected, they do not exhibit any nonvolatile holographic storage.
The material issue has always been the obstacle for holographic data storage moving to the market. In this study, we tried what we believe to be a new approach by growing Zr, Fe, and Mn triply doped LN crystals. The codoping of Zr eliminates undesired intrinsic electron traps, which greatly enhances the charge transition speed for nonvolatile holographic storage. As a result, the response time of LN:Zr,Fe,Mn for nonvolatile holographic storage became smaller than 1.0 s, and the measured sensitivity SЈ became as high as 1.31 cm/J. In summary, LN:Zr,Fe,Mn crystals combine the advantages of high diffraction efficiency, long storage lifetime, fast response speed, strong resistance to light-induced scattering, and nonvolatility.
